Background/Aims: Severe acute lung injury (ALI) often develops into acute respiratory distress syndrome (ARDS). Previous studies have shown that platelet-derived growth factor (PDGF) and transforming growth factor β1 (TGFβ1) participate in the pathogenesis of ARDS by stimulation of fibroblast proliferation, leading to the development of pulmonary fibrosis. However, the exact pathways downstream of PDGF and TGFβ receptor signaling have not been completely elucidated. Method: We treated human lung fibroblasts (HLF) with PDGF, or TGFβ1, or combined, and examined the activation of p38 MAPK, p42/p44 MAPK and SMAD3. We used a specific inhibitor PD98059 to antagonize phosphorylation of p42/p44 MAPK, or used a specific inhibitor SN203580 to antagonize phosphorylation of p38 MAPK, or used a specific inhibitor SIS3 to antagonize phosphorylation of SMAD3. We then examined the effects of these inhibitors on the activation of collagen I and α-smooth muscle actin (α-SMA) induced by PDGF or TGFβ1 stimulation. Results: PDGF activated p38 MAPK and p42/p44 MAPK, but not SMAD3 in HLF cells. TGFβ1 activated p38 MAPK and SMAD3, but not p42/p44 MAPK in HLF cells. Activation of p38 MAPK by either PDGF or TGFβ1 induced α-SMA but not collagen I in HLF cells, while activation of p42/p44 MAPK by PDGF induced collagen I but not α-SMA in HLF cells. Activation of SMAD3 by TGFβ1 did not affect either collagen I or α-SMA in HLF cells. Conclusion: PDGF and TGFβ1 regulate ARDS-associated lung fibrosis through distinct signaling pathway-mediated activation of fibrosis-related proteins. Treatments with both PDGF and TGFβ1 antagonists may result in a better anti-fibrotic outcome for ALI-induced lung fibrosis. Cell Physiol Biochem 2015;36:937-946 
Introduction
Acute lung injury (ALI) is a common clinical lung disease, and severe ALI often develops into acute respiratory distress syndrome (ARDS), which is a devastating clinical syndrome characterized by non-cardiogenic pulmonary edema, respiratory distress and hypoxemia [1] [2] [3] . Although the ARDS-associated mortality has decreased in the last decade, still about half of the patients die, while the survivors suffer from significant physical and psychological impairments [1] [2] [3] . Recently, the Berlin definition brought an update over the previous definitions for ALI and ARDS [1] [2] [3] . In the new definition, data over the first 24 hours are now applied for reclassification of the severity of the disease, while compliance to stratify each oxygenation category is also used for the definition [1] [2] [3] .
The ALI induces co-occurrence of damage to the alveolar capillary membrane, edema formation and repair of the alveolar-capillary membrane with a varying degree of fibrosis [4] [5] [6] [7] [8] [9] [10] . Of note, previous studies have indicated that changes in various cytokines such as platelet-derived growth factor (PDGF) and transforming growth factor β1 (TGFβ1) are involved in these processes and play critical roles [11] [12] [13] [14] [15] .
PDGF is produced by activated platelets, smooth muscle cells, activated macrophages and endothelial cells [16, 17] . PDGF is a potent mitogen for cells of mesenchymal origin, including smooth muscle cells and glial cells [16, 17] . In particular, it plays a significant role in angiogenesis [16, 17] . Moreover, PDGF is a required element in cellular division for fibroblasts [16, 17] . It has been shown that in monocytes-macrophages and fibroblasts, exogenously administered PDGF stimulates chemotaxis, proliferation, and gene expression and significantly augmented the influx of inflammatory cells and fibroblasts, accelerating extracellular matrix and collagen formation and thus reducing the time for the healing process to occur [16, 17] . PDGF binds to its receptor (a receptor tyrosine kinase (RTK)) on the ligand binding pocket located within the second and third immunoglobulin domains [16, 17] . Upon activation by PDGF, the receptor was phosphorylated to activate downstream signaling cascades, among which mitogen-activated protein kinase (MAPK) has been shown to regulate fibroblast growth [18] [19] [20] [21] [22] [23] [24] [25] .
TGFβ1 is a ligand for TGFβ receptor. TGF-β receptor signaling plays a central role in mammalian tissue development, homeostasis, and disease [26] [27] [28] . In short, a TGF-β ligand binds to the serine/threonine kinase receptor TGFβ Receptor Type 2, which phosphorylates and activates TGF-β Receptor Type 1 [26] [27] [28] . This phosphorylation leads to phosphorylation of receptor-regulated R-SMAD molecules, SMAD2 and SMAD3, followed by nuclear translocation and transcriptional SMAD activity [26] [27] [28] . Activation of these downstream effectors is inhibited by SMAD6 and/or SMAD7 [26] [27] [28] . Moreover, TGF-β receptor signaling can be conducted through SMAD-independent pathway, e.g. p38 MAPK [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] .
Although previous studies have shown that PDGF and TGFβ1 participate in the pathogenesis of ARDS by stimulation of fibroblast proliferation, leading to the development of pulmonary fibrosis, the exact pathways downstream of PDGF and TGFβ receptor signaling have not been completely elucidated.
Here, we addressed these unsolved questions by treating human lung fibroblasts (HLF) with PDGF, or TGFβ1, or combined, followed by examination of the activation of p38 MAPK, p42/p44 MAPK and SMAD3. We used a specific inhibitor PD98059 to antagonize phosphorylation of p42/p44 MAPK, or used a specific inhibitor SN203580 to antagonize phosphorylation of p38 MAPK, or used a specific inhibitor SIS3 to antagonize phosphorylation of SMAD3. We then examined the effects of these inhibitors on the activation of collagen I and α-smooth muscle actin (α-SMA) induced by PDGF or TGFβ1 stimulation. We found that PDGF activated p38 MAPK and p42/p44 MAPK, but not SMAD3 in HLF cells. TGFβ1 activated p38 MAPK and SMAD3, but not p42/p44 MAPK in HLF cells. Activation of p38 MAPK by either PDGF or TGFβ1 induced α-SMA but not collagen I in HLF cells, while activation of p42/p44 MAPK by PDGF induced collagen I but not α-SMA in HLF cells. Activation of SMAD3 by TGFβ1 did not affect either collagen I or α-SMA in HLF cells. These data thus suggest that PDGF and TGFβ1 regulate ARDS-associated lung fibrosis through distinct signaling pathway-mediated 
Materials and Methods

Cell lines and reagents
Human lung fibroblasts (HLF) IMR-90 was derived by W.W. Nichols [42] and associates from the lungs of a 16-week female fetus. This cell cline was purchased from ATCC (American Type Culture Collection, Manassas, VA, USA). IMR-90 cells were cultured in ATCC-formulated Eagle's Minimum Essential Medium, Catalog No. , with 10% fetal bovine serum (FBS, Invitrogen, St. Louis, MO, USA). PDGF (used at a dose of 50ng/ml), TGFβ1 (used at a dose of 10µg/ml), PD98058 (used at a dose of 10µg/ml), SB203580 (used at a dose of 1µg/ml) and SIS3 (used at a dose of 2µg/ml) were all purchased from Sigma-Aldrich (St. Louis, MO, USA).
RT-qPCR
RNA was extracted from cultured cells with RNeasy (Qiagen, Hilden, Germany). cDNA synthesis was performed by reserve transcription. Quantitative PCR (RT-qPCR) were performed in duplicates with QuantiTect SYBR Green PCR Kit (Qiagen). All primers were purchased from Qiagen. Values of genes were first normalized against α-tubulin, and then compared to the controls.
Western blot
The protein from the cultured cells was extracted using RIPA lysis buffer (1% NP40, 0.1% Sodium dodecyl sulfate (SDS), 100μg/ml phenylmethylsulfonyl fluoride, 0.5% sodium deoxycholate, in PBS) on ice. The supernatants were collected after centrifugation at 12000×g at 4°C for 20min. Protein concentration was determined using a BCA protein assay kit (Bio-rad, China), and whole lysates were mixed with 4×SDS loading buffer (125mmol/l Tris-HCl, 4% SDS, 20% glycerol, 100mmol/l Dithiothreitol (DTT), and 0.2% bromophenol blue) at a ratio of 1:3. Samples were heated at 100 °C for 5 min and were separated on SDSpolyacrylamide gels. The separated proteins were then transferred to a PVDF membrane. The membrane blots were first probed with a primary antibody. After incubation with horseradish peroxidase-conjugated second antibody, autoradiograms were prepared using the enhanced chemiluminescent system to visualize the protein antigen. The signals were recorded using X-ray film. Primary antibodies were anti-p38 MAPK, anti-phosphorylated p38 MAPK (p-p38 MAPK), anti-p42/p44 MAPK, anti-phosphorylated p42/p44 MAPK (p-p42/p44 MAPK), anti-SMAD3, anti-phosphorylated SMAD3 (pSMAD3), anti-collagen I, anti-α-SMA and α-tubulin (all purchased from Cell Signaling, St Louis, MO, USA). α-tubulin was used as a protein loading control for collagen I and α-SMA. An un-phosphorylated protein was used as a protein loading control for the corresponding phosphorylated protein. Secondary antibody is HRP-conjugated anti-rabbit (Jackson ImmunoResearch Labs, West Grove, PA, USA). Images shown in the figure were representative from 5 repeats. Densitometry of Western blots was quantified with NIH ImageJ software. The protein levels were first normalized to loading controls, and then normalized to experimental controls.
Statistical analysis
All statistical analyses were carried out using the SPSS 18.0 statistical software package. All values are depicted as mean ± standard deviation from 5 individuals and are considered significant if p < 0.05. All data were statistically analyzed using one-way ANOVA with a Bonferoni correction, followed by a Fisher's exact test, as necessary.
Results
PDGF activates p38 MAPK and p42/p44 MAPK, while TGFβ1 activates p38 MAPK and SMAD3 in HLF cells
We treated human lung fibroblast (HLF) cells with PDGF, or TGFβ1, or combined, and examined the activation of p38 MAPK, p42/p44 MAPK and SMAD3 by Western blot.
We found that PDGF activated p38 MAPK in HLF cells, by representative immunoblots (Fig. 1A) , and by quantification (Fig. 1B) . Moreover, PDGF also activated p42/p44 MAPK in HLF cells, by representative immunoblots (Fig. 1A) , and by quantification (Fig. 1C) (Fig. 1A) , and by quantification (Fig. 1D) . We also found that TGFβ1 activated p38 MAPK in HLF cells, by representative immunoblots (Fig. 1A) , and by quantification (Fig. 1B) . However, PDGF did not affect phosphorylation of p42/p44 MAPK in HLF cells, by representative immunoblots (Fig. 1A) , and by quantification (Fig. 1C) . In addition, TGFβ1 also activated SMAD3 in HLF cells, by representative immunoblots (Fig. 1A) , and by quantification (Fig. 1D) .
Since p38 MAPK was activated by either PDGF or TGFβ1, we examined whether combined PDGF and TGFβ1 may further increase the activation of p38 MAPK. We found that combined PDGF and TGFβ1 significantly increased the activation of p38 MAPK in HLF cells, compared to either PDGF or TGFβ1 alone, by representative immunoblots (Fig. 1A) , and by quantification (Fig. 1B) . Moreover, combined PDGF and TGFβ1 did not further increased the activation of p42/p44 MAPK in HLF cells by PDGF alone (Fig. 1A, C) , or the activation of SMAD3 by TGFβ1 alone (Fig. 1A, D) .
Together, these data suggest that PDGF activates p38 MAPK and p42/p44 MAPK, while TGFβ1 activates p38 MAPK and SMAD3 in HLF cells.
PDGF-induced activation of p38 MAPK upregulates α-SMA, while PDGF-induced activation of p42/p44 MAPK upregulates collagen I in HLF cells
In order to figure out how PDGF may regulate different fibrosis-associated proteins collagen I and α-SMA through p38 MAPK and p42/p44 MAPK signaling, we used a specific inhibitor PD98059 to antagonize phosphorylation of p42/p44 MAPK, or used a specific inhibitor SB203580 to antagonize phosphorylation of p38 MAPK, in PDGF-treated HLF cells. We confirm that SB203580 is a specific inhibitor for p38 MAPK phosphorylation, and does not affect p42/p44 MAPK phosphorylation, shown by representative immunoblots (Fig. 2A) , and by quantification (Fig. 2B-C) . We also confirm that PD98059 is a specific inhibitor for p42/p44 MAPK phosphorylation, and does not affect p38 MAPK phosphorylation, shown by representative immunoblots (Fig. 2A) , and by quantification (Fig. 2B-C) .
Interestingly, inhibition of PDGF-induced p38 MAPK phosphorylation by SB203580 significantly abolished the PDGF-stimulated activation of α-SMA, but did not affect the PDGFstimulated activation of collagen I, by immunoblots ( Fig. 2A, D-E) and by RT-qPCR (Fig. 2F-G) . On the contrary, inhibition of PDGF-induced p42/p44 MAPK phosphorylation by PD98059 Fig. 2A, D-E) and by RT-qPCR ( Fig.  2F-G) . Together, these data suggest that PDGF-induced activation of p38 MAPK upregulates α-SMA, while PDGF-induced activation of p42/p44 MAPK upregulates collagen I in HLF cells.
TGFβ1-induced activation of p38 MAPK upregulates α-SMA, while TGFβ1-induced activation of SMAD3 does not affect either α-SMA or collagen I in HLF cells
In order to figure out how TGFβ1 may regulate different fibrosis-associated proteins collagen I and α-SMA through p38 MAPK and SMAD3 signaling, we used a specific inhibitor SIS3 to antagonize phosphorylation of SMAD3, or used a specific inhibitor SB203580 to antagonize phosphorylation of p38 MAPK, in TGFβ1-treated HLF cells. We confirm that 
SB203580 is a specific inhibitor for p38 MAPK phosphorylation, and does not affect SMAD3 phosphorylation, shown by representative immunoblots (Fig. 3A) , and by quantification ( Fig. 3B-C) . We also confirm that SIS3 is a specific inhibitor for SMAD3 phosphorylation, and does not affect p38 MAPK phosphorylation, shown by representative immunoblots (Fig. 3A) , and by quantification ( Fig. 3B-C) . Interestingly, inhibition of TGFβ1-induced p38 MAPK phosphorylation by SB203580 significantly abolished the TGFβ1-stimulated activation of α-SMA, and did not affect the collagen I levels, by immunoblots (Fig. 3A, D-E) and by RT-qPCR (Fig. 3F-G) . However, inhibition of TGFβ1-induced SMAD3 phosphorylation by SIS3 did not affect either collagen I, or α-SMA levels, by immunoblots (Fig. 3A, D-E) and by RT-qPCR (Fig. 3F-G) .
Together, these data suggest that TGFβ1-induced activation of p38 MAPK upregulates α-SMA, while TGFβ1-induced activation of SMAD3 does not affect either α-SMA or collagen I in HLF cells. Moreover, these data are consistent with data from PDGF, and suggest a model in which PDGF and TGFβ1 regulate ARDS-associated lung fibrosis through distinct signaling pathway-mediated activation of fibrosis-related proteins. Thus, this model was summarized in a schematic (Fig. 4) .
Discussion
Fibrotic lung develops concomitantly with severe ALI and ARDS, and the prevention of these lethal diseases requires efficient treatments to the pivotal targets [4] [5] [6] [7] [8] . The underlying mechanism of lung fibrosis involves the proliferation of mesenchymal cells possessing a myofibroblast phenotype and the subsequent deposition of collagen and other extracellular matrix proteins by these cells leading to progressive scarring and loss of organ function [4] [5] [6] [7] [8] . In general, fibrogenesis is a response to tissue injury and many of the same factors that mediate tissue repair also promote a fibrogenesis [4] [5] [6] [7] [8] . Therefore, understanding the associated factors in the pathogenesis is paramount to developing treatment strategies for fibrotic diseases. Several polypeptide mediators are central to the fibrotic process, including PDGF and TGFβ1 [4] [5] [6] [7] [8] [11] [12] [13] [14] . They play coordinated but differential roles in myofibroblast proliferation and fibrogenesis-related collagen deposition [4] [5] [6] [7] [8] [11] [12] [13] [14] . However, the exact molecular details are not clear.
Here, we analyzed p38 and p42/p44 MAPK as well as SMAD3 activation by PDGF and TGFβ1 in HLF cells. We found that PDGF activates p38 MAPK and p42/p44 MAPK, but not SMAD3 in HLF cells. TGFβ1 activates p38 MAPK and SMAD3, but not p42/p44 MAPK in HLF cells. Thus, PDGF and TGFβ1 share a common pathway of p38 MAPK, but have unique signaling for their own. Moreover, activation of p38 MAPK by either PDGF or TGFβ1 induced α-SMA but not collagen I in HLF cells, while activation of p42/p44 MAPK by PDGF induced These data well explain the coordinating effects of PDGF and TGFβ1 in the development of lung fibrosis after ALI or ARDS, and also provide the molecular bases for the suboptimal therapeutic outcome targeting either molecule. Thus, a strategy to inhibit both signaling pathways may be crucial for an effective treatment.
In this study, we did not find a direct effect of an activated SMAD signaling on the activation of either collagen I or α-SMA. However, SMAD signaling is well-known for cellcycle control in many types of cells [43] [44] [45] [46] [47] [48] [49] . Hence, the downstream effect of SMAD3 in this model may be related directly to cell proliferation, apoptosis or autophagy [43] [44] [45] [46] [47] [48] [49] , but not directly associate with fibrogenesis-related events, e.g. transformation of fibroblasts into myofibroblasts through α-SMA, or direct collagen deposit in the lung parenchyma evident by collagen I as a marker. Future experiments may be applied to address these unsolved questions. To exclude a possibility that the current results are cell-line-dependent, we also checked several other lines and got essentially same result. Hence, our findings may be generally applicable.
In summary, we show that PDGF and TGFβ1 regulate ARDS-associated lung fibrosis through distinct signaling pathway-mediated activation of fibrosis-related proteins. Treatments with both PDGF and TGFβ1 antagonists may result in a better anti-fibrotic outcome for ALI-induced lung fibrosis. 
